Acute myeloid leukemia (AML) is the most common type of acute leukemia in adults and is associated with poor long-term survival often owing to relapse. Current treatments for AML are associated with considerable toxicity and are frequently not effective after relapse. Thus, it is important to develop novel therapeutic strategies. Short interfering RNA (siRNA)-based therapeutics targeting key oncogenes have been proposed as treatments for AML. We recently developed novel siRNA delivery polycations (PCX) based on AMD3100 (plerixafor), an FDA-approved inhibitor of the CXC chemokine receptor 4 (CXCR4). Inhibitors of CXCR4 have been shown to sensitize leukemia cells to chemotherapy. Therefore, PCX has the potential to target leukemia cells via two mechanisms: inhibition of CXCR4 and delivery of siRNAs against critical genes. In this report, we show that PCX exerts a cytotoxic effect on leukemia cells more effectively than other CXCR4 inhibitors, including AMD3100. In addition, we show that PCX can deliver siRNAs against the transcription factor RUNX1 to mouse and human leukemia cells. Overall, our study provides the first evidence that dual-function PCX/siRNA nanoparticles can simultaneously inhibit CXCR4 and deliver siRNAs, targeting key oncogenes in leukemia cells and that PCX/siRNA has clinical potential for the treatment of AML.
Introduction
Acute myeloid leukemia (AML) is a heterogeneous clonal disorder characterized by the accumulation of immature myeloid cells in the bone marrow. It is the most common type of acute leukemia in adults, and its incidence increases with age [1] [2] [3] [4] . Current treatments for AML include highdose chemotherapy and stem cell transplantation, both of which are associated with significant morbidity and mortality [1, 5, 6] . In addition, even with optimal treatment, AML patients frequently relapse, which in part explains why the prognosis for AML remains poor with the overall 5-year survival rate of only 27% [6] . Thus, there is an urgent need to develop novel therapeutics to improve treatment outcomes for patients with AML.
Compared with other cancers, AML has a low mutational burden [7, 8] . For this reason, AML cells are likely dependent on a relatively small number of oncoproteins. However, many AML mutations involve transcription factors, which are difficult to target with traditional small molecules. For example, efforts to develop inhibitors of RUNX1, one of the most commonly mutated genes in AML, have shown potential in tissue culture and mouse models, but there have not yet been any compounds identified suitable for use in humans [9] [10] [11] . Small interfering RNAs (siRNAs) have the potential to overcome these limitations as they are based on nucleic acid sequence, and not protein structure. Successfully targeted delivery of siRNAs against specific oncogenes has been reported in a variety of different types of cancer, including AML [12] [13] [14] [15] . However, the clinical translation of such therapies has been difficult, mainly owing to nuclease degradation during siRNA delivery [16, 17] . Thus, strategies for enhancing cellular uptake and allowing siRNA to specifically reach the target cells are required.
We have recently developed polymeric CXCR4 antagonists (PCX), which are capable of inhibiting CXC chemokine receptor 4 (CXCR4) and carrying siRNA simultaneously [18] [19] [20] . PCX was synthesized from AMD3100 (plerixafor), an FDA-approved CXCR4 inhibitor, and modified with cholesterol for better systemic delivery (Fig. 1a, b) [19, 20] . CXCR4 is expressed on a variety of AML subtypes, and AMD3100 is currently being tested for its ability to mobilize leukemia stem cells (LSCs) from the bone marrow, as a way of making them more susceptible to traditional chemotherapy [21] [22] [23] [24] . Therefore, PCX/siRNA nanoparticles have the potential to target AML cells by two mechanisms: inhibition of CXCR4 and delivery of knockdown constructs against critical oncogenes.
In our study, we show that PCX is suitable for use in combination with traditional chemotherapy, and that PCX has a potent cytotoxic effect on AML cells in vitro, which is not observed with other CXCR4 inhibitors. Furthermore, using siRNA targeting RUNX1, a transcription factor required in a variety of different AML subtypes, we show that PCX/siRUNX1 polyplexes efficiently knock down RUNX1 expression in both mouse and human leukemia cells. Importantly, PCX/siRUNX1 had a greater effect on cell viability compared with the control. Collectively, our data demonstrate that CXCR4-targeted siRNA nanoparticles have potential as a novel treatment for AML.
Results

PCX decreases leukemia cell viability in vitro
To examine the potential of PCX in AML, we used a knockin mouse model of inversion [16] [inv (16) ] AML expressing a conditional allele of full-length Cbfb-MYH11 from the endogenous Cbfb locus (Cbfb +/56M ) paired with the inducible Mx1-Cre transgene [25, 26] . This knock-in mouse model expresses the initiating oncogene, Cbfb-MYH11, at physiologically relevant levels and develops a disease that closely resembles human inv(16) AML, making it a useful model to test PCX. To verify that CXCR4 is expressed on Cbfb-MYH11 + leukemia cells, we stained cells derived from three independent primary Cbfb-MYH11 +/56M , Mx1-Cre + mice for CXCR4. We also included CSF2RB, a marker we previously showed distinguishes LSCs from non-LSCs in this model [27, 28] . We found that the majority of LSCs and non-LSCs from both bone marrow and spleen express CXCR4 (Fig. 2a) . This indicates that CXCR4 is highly expressed in leukemia cells from this mouse model. In clinical trials, CXCR4 inhibitors have been shown to improve outcomes when given in combination with conventional chemotherapy [22] [23] [24] . To ensure that PCX does not diminish the effect of chemotherapy drugs, we treated Cbfb-MYH11 + leukemia cells from three independent Cbfb-MYH11 +/56M , Mx1-Cre + mice with cytarabine (AraC) or doxorubicin (DOX) alone, or in combination with PCX. We used PCX at a dose of 2.1 µg/mL, which we previously showed effectively inhibits CXCR4 [29] . After 48 h, viability was measured by flow cytometry using 4',6-diamidino-2-phenylindole (DAPI). We found that all treatment groups showed decreased viability as compared with untreated cells (Fig. 2b) . The combination of PCX with either AraC or DOX showed a trend toward decreased viability as compared with either chemotherapy drug alone, although this difference was not statistically significant. Importantly, PCX did not rescue the decrease in viability caused by either AraC or DOX alone, indicating that PCX does not block the activity of frontline chemotherapeutic agents. To confirm that PCX has similar effects in human leukemia cells, we used the patient-derived cell lines, Kasumi-1, which has the t(8;21) translocation and ME-1 which has inv (16) . We found that PCX did not block the decreased viability caused by either AraC or DOX, and that the combination of DOX and PCX caused a statistically significant decrease in viability as compared with DOX alone in Kasumi-1 cells (Fig. 2c) . We also saw that PCX caused a trend toward decreased viability without blocking the activity of either AraC or DOX in ME-1 cells (Supplemental Fig. S1 ). Overall, our data imply that PCX has no adverse effect on the efficiency of chemotherapy and could be used in combination with conventional drugs in AML patients.
PCX has novel anti-leukemia activities
Our finding that treatment with PCX alone caused decreased leukemia cell viability in vitro is surprising, as the monomeric form of PCX, AMD3100, is not thought to have anti-leukemia activity on its own [21] . This implies that the polymeric form has novel activities. To test the possibility, leukemia cells from three independent Cbfb-MYH11 +/56M , Mx1-Cre + mice were cultured with increasing concentrations of PCX or AMD3100. We also tested two different synthetic peptide CXCR4 inhibitors, BKT140 and LY2510924 [30] [31] [32] [33] [34] [35] . After 48 h of treatment, viability was measured by flow cytometry using DAPI. We found that the viability was significantly decreased by PCX in a concentration-dependent fashion. Interestingly, none of the other CXCR4 inhibitors significantly affected cell viability, even at doses 10-20 times greater than that of PCX (Fig. 3a) . To test whether PCX caused decreased viability via apoptosis, we stained cells with Annexin V. We found that treatment with PCX, but not the other CXCR4 inhibitors, increased Annexin V staining in a concentrationdependent fashion (Fig. 3b) Supplementary Fig. S2b, c) . These results indicate that PCX does not cause cell death in normal hematopoietic cells. To determine whether PCX cytotoxicity is associated with increased differentiation, we stained cells for Mac-1 and Gr-1, markers of mature myeloid cells. We found that PCX induced a trend toward increased Mac-1 and Gr-1 expression, as compared with the untreated cells ( Fig. 3c and Supplementary Fig. S3a, b) . We observed no difference in either Mac-1 or Gr-1 expression with the other CXCR4 inhibitors. Cytospins of cells confirmed slight features of differentiation with PCX treated cells showing more abundant cytoplasm with increased granularity (Fig. 3d) . Overall, our findings indicate that PCX exhibits a more potent anti-leukemia activity in vitro as compared with other CXCR4 inhibitors, which further supports the use of PCX as an anti-leukemic therapy. Runx1 knockdown increased apoptosis and decreased colony-forming ability in Cbfb-MYH11
+ leukemia cells
In addition to inhibiting CXCR4, PCX also has the ability to encapsulate and deliver siRNAs against critical genes. In previous work, we showed that the transcription factor RUNX1 is required for the development of Cbfb-MYH11 + leukemia, implying that RUNX1 is an appropriate knockdown target in frank leukemia cells [26] . Before testing this possibility, we first confirmed that Runx1 protein and mRNA expression levels on normal tissues and Cbfb-MYH11 + leukemia cells. We found that Runx1 is highly expressed in normal bone marrow and spleen cells, as well as the LSCs and non-LSCs harvested from both the bone marrow and spleen of leukemic Cbfb-MYH11 + mice ( 
b). To test if knockdown of
Runx1 expression affects leukemia cell survival, we transduced leukemia cells from three independent Cbfb-MYH11 +/56M , Mx1-Cre + mice with lentiviral vectors expressing either an shRNA targeting Runx1 (shRunx1) or a scrambled shRNA (shSCR), and DsRed. After 48 h of transduction, we sorted cells for DsRed expression. To test the knockdown efficiency of shRunx1, the mRNA and protein expression levels of Runx1 were examined by quantitative real-time polymerase chain reaction (RT-PCR) and western blot analysis in sorted leukemia cells. We found that Runx1 mRNA and protein were significantly lower in cells transduced with shRunx1 as compared with shSCR-transduced cells (Fig. 4b, c) . To test the effect of Runx1 knockdown on apoptosis, we used Annexin V staining. shRunx1-transduced cells showed significantly higher Annexin V staining as compared with cells transduced with shSCR ( Fig. 4d) . To determine the effect of Runx1 knockdown on LSC activity, we performed colony formation assays. Equal numbers of Cbfb-MYH11 + leukemia cells transduced with shSCR or shRunx1 were plated in methylcellulose. After 14 days of culture, colonies were counted. We found that leukemia cells transduced with shRunx1 produced significantly fewer colonies compared with the control group (Fig. 4e) . These results indicate that the knockdown of Runx1 increases apoptosis and leads to decreased colonyforming ability of Cbfb-MYH11 + leukemia cells in vitro, and that Runx1 is an appropriate target to test the ability of PCX to deliver knockdown constructs.
PCX condenses siRNA to form nanoparticles
The capability of PCX to form nanoparticles with siRNA was first validated using a gel retardation assay. Nanoparticles were prepared by mixing PCX with siRNA solution at increasing PCX/siRNA ratios. PCX fully a b encapsulated siRNA at and above PCX/siRNA (w/w) ratios of 2 (Fig. 5a ). Hydrodynamic size and ζ-potential of the prepared PCX/siRNA nanoparticles (w/w = 2) were measured by dynamic light scattering. Nanoparticles presented size of 63.3 ± 0.9 nm with low dispersity index (0.14) (Fig.  5b ) and positive surface charge with ζ potential of 18.2 ± 0.7 mV (Fig. 5c ). The morphology of the nanoparticles was analyzed by transmission electron microscopy (TEM). We observed uniform particles with mostly spherical morphology (Fig. 5d ). The release of siRNA from the nanoparticles was studied by heparin displacement assay. Nanoparticles completely released siRNA after incubation with heparin concentrations above 120 μg/mL (Fig. 5e ).
Runx1 knockdown by PCX/siRunx1 polyplexes
Before testing the ability to deliver siRNA by PCX, we first examined whether PCX can be efficiently internalized by leukemia cells. We incubated Cbfb-MYH11 + leukemia cells with nanoparticles prepared with Alexa Fluor 647-labeled PCX polymers (AF647-PCX) for 72 h. Cells were then treated with a light detergent wash to strip them of cell surface proteins. An antibody against the cell surface receptor KIT, which is highly expressed in Cbfb-MYH11 + leukemia cells, was used as a control for stripping [28] . We found that nearly all PCX-AF647-treated cells (99%) were fluorescent after stripping and showed no significant difference in the percentage of fluorescent cells compared with unstripped cells. This indicates that the majority of the nanoparticles were efficiently internalized by leukemia cells and that little PCX remained on the extracellular surface. In contrast, in cells stained with the KIT antibody, which is not expected to be internalized, the detergent wash led to the loss of fluorescent signal, indicating that cell surface proteins were effectively stripped from the plasma membrane (Fig. 6a) . To evaluate the ability of PCX/siRNA nanoparticles to deliver siRNA to Cbfb-MYH11 + leukemia cells, we formulated PCX with siRNA targeting Runx1 (PCX/ siRunx1) or a negative control siRNA (PCX/siNC). We treated leukemia cells from three independent Cbfb-MYH11 +/56M , Mx1-Cre + mice with PCX/siRunx1 or PCX/siNC for 6 h and analyzed Runx1 expression by qRT-PCR. We found that cells treated with PCX/siRunx1 showed a significant decrease in Runx1 expression (Fig. 6b) . To test if the knockdown of Runx1 using PCX/siRunx1 caused defects on cell survival, we stained the cells treated with PCX/siRunx1 and PCX/siNC with Annexin V. We found that PCX/siRunx1 treatment led to an increase in the percentage of untreated cells, consistent with our analysis that PCX has anti-leukemia activity on its own (Fig. 6c) . Collectively, our results indicate that PCX can efficiently deliver siRNA to Cbfb-MYH11 + leukemia cells in vitro and cause apoptosis.
To test if PCX delivers siRUNX1 to human AML cells, we used Kasumi-1s, ME-1s and the mixed lineage leukemia-rearranged leukemia cell line, MOLM-13, as they have also been shown to require RUNX1 expression for survival [36] [37] [38] . We treated cells with PCX/siRUNX1 or PCX/siNC nanoparticles. The expression of RUNX1 was significantly decreased within 6 h in Kasumi-1 cells cultured with PCX/siRUNX1 as compared with those with PCX/siNC (Fig. 6d) . In addition, the percentage of Annexin V + cells from PCX/siRUNX1 treatment was significantly higher than cells cultured with PCX/siNC in Kasumi-1 cells (Fig. 6e) . We also found that the expression of RUNX1 was significantly decreased in both ME-1 and MOLM-13 cells cultured with PCX/siRUNX1 as compared with those with PCX/siNC (Fig. 6f, g ), although this decrease in RUNX1 expression was not accompanied by an increase in Annexin V staining in these cells lines (Supplemental Fig. S5 ). These findings indicate that PCX efficiently delivered siRUNX1 to human leukemia cells. Thus, our study indicates that PCX is able to deliver siRNA targeting important regulators of leukemia cells and has therapeutic potential to treat patients with AML.
Discussion
Despite the recent development of several targeted inhibitors for the treatment of AML, there remains significant populations of patients with relapsed or refractory disease for whom there are few effective treatment options [39, 40] . This is in part related to the heterogeneity of AML. Unlike many solid tumors, there is not a single driver mutation present in the majority of AML patient samples [8] . SiRNAbased therapy has emerged as a novel therapeutic approach for treating AML as it is highly specific and customizable, providing the flexibility of targeting different oncogenes [41] [42] [43] [44] .
In this study, we characterized a polymeric CXCR4 antagonist (PCX), which is capable of delivering siRNAs in leukemia cells. We showed that PCX has a cytotoxic effect in AML cells in vitro. Our results also suggest that treatment with PCX induces leukemia cell differentiation. Multiple agents have been developed and tested for CXCR4-targeted therapy including the small molecule inhibitor AMD3100 and the peptide CXCR4 inhibitors BKT140 and LY2510924 [34, 45, 46] . Interestingly, when we directly compared PCX with AMD3100, BKT140, and LY2510924, we found that none of the other inhibitors showed anti-leukemic activity in vitro, even at 10-20 times higher concentrations. This was expected with AMD3100, as previous work has indicated that AMD3100 alone does not affect leukemia cell survival, and that its clinical utility stems from its ability to mobilize leukemia cells out of the protective microenvironment [21] . However, previous studies of using LY2510924 and BKT140 have shown effects on viability and differentiation in AML cells [34, 46] . Although we did not observe such effects in our study, these previous findings imply that the anti-leukemic effects of PCX are likely owing to enhanced inhibition of CXCR4, potentially owing to a multivalency effect. This is further supported by studies using the humanized anti-CXCR4 antibodies Ulocuplumab and PF-0674714, which both exhibit anti-leukemic activity both in vitro and in vivo [47, 48] . However, we cannot rule out the possibility that PCX may have additional CXCR4-independent activities, as well.
Another advantage of PCX is its ability to act as an siRNA delivery vehicle [19, 29] . In this "proof of concept" study, we used RUNX1 as a knockdown target as its expression is required in leukemia cells of multiple different subtypes [36-38, 49, 50] . We found that PCX successfully delivered siRNAs against RUNX1 and caused decreased RUNX1 expression in both mouse Cbfb-MYH11 + cells and human AML cells. This implies that PCX has potential as a nucleic acid delivery vehicle to AML cells. However, in contrast to previous reports, we did not observed increased cell death with RUNX1 knockdown in either ME-1s or Molm-13s. Currently, we do not know if this is because Runx1 was not completely silenced. Although genetic loss or complete knockdown of RUNX1 causes cell death in many AML subtypes, a more recent study showed that moderate level of RUNX1 expression paradoxically promotes leukemogenesis [28, 36, 51] . Consequently, for use in patients, RUNX1 may not be the most appropriate target for PCX/siRNA nanoparticles. However, as siRNAs are highly customizable, this approach could be used to target other leukemogenic oncogenes. Leukemic fusion genes are a particularly attractive target as they are likely expressed in all leukemia cells in a sample, but not in healthy cells [52] . Based on these data, we propose the following model of action of PCX/siRNA nanoparticles (Fig. 7) . PCX inhibits CXCR4, leading to mobilization from bone marrow and increased sensitivity to chemotherapy, similar to AMD3100. However, PCX also causes cell death and differentiation, which further decreases leukemic burden. More importantly, PCX is also able to deliver siRNAs capable of silencing critical oncogenes. Owing to its multifunctionality, PCX has potential for the treatment of patients who cannot tolerate traditional chemotherapy, or whose disease is refractory to such treatments. Collectively, our work indicates that PCX has potential as an effective treatment for patients with AML.
Materials and methods
Synthesis of PCX
Cholesterol-modified polymeric CXCR4 inhibitors PCX (Mw = 16.7 kDa, Mw/Mn = 1.9, cholesterol wt% = 16.8%) were synthesized and characterized as previously described [53] . Succinimidyl ester of Alexa Fluor® 647 carboxylic acid was obtained from Life Technologies (Eugene, OR, USA). Alexa Fluor 647-labeled PCX polymers (AF647-PCX) were prepared according to the manufacturer's instructions and purified by dialysis to remove unreacted free dye. Nontargeting siRNA control (siNC, 5′-UCACAACCUCCUA-GAAAGAGUAGA-3′), human RUNX1 siRNA (siRUNX1, 5′-GACAUCGGCAGAAACUAGAUU-3′), and cholesterol-modified mouse Runx1 siRNA (siRunx1, 5′-GCACCUACCAUAGAGCCAUCAACUU-3′) were purchased from Dharmacon (Dharmacon, Inc., Chicago, IL, USA). Human RUNX1 siRNA sequence has been described previously [36] .
Mice
This study was performed in accordance with the guidelines established by the Guide for the Care and Use of Laboratory Animals at the National Institutes of Health. All experiments involving mice were approved by the Institutional Animal Care and Use Committee at the University of Nebraska Medical Center. All mice were maintained on a mixed C57Bl6/129SvEv background, were of both sexes, and were at least 6 weeks of age. Mice expressing a conditional allele of full-length Cbfb-MYH11 (Cbfb +/56M ) were paired with the inducible Mx1-Cre transgene, and were treated with polyinosinic-polycytidylic acid to induce the expression of Cbfb-MYH11 as described previously [25] .
Mice were sacrificed at the first signs of disease, and leukemia cells from bone marrow or spleen were collected and cryopreserved in 10% dimethylsulfoxide. All experiments involving mouse cells were performed at least three independent times using samples obtain from at least three independent mice. This sample size was based on previous work showing that samples from three independent mice is sufficient to address potential animal to animal variation.
No randomization or exclusion strategies of animal samples were used in this study.
Cell culture
Kasumi-1 cell line was purchased from the ATCC and maintained in Rosewell Park Memorial Institute (RPMI)-1640 (ATCC, Manassas, VA, USA) supplemented with 20% fetal bovine serum (FBS), 2 mM L-Glutamine and 1% penicillin-streptomycin. ME-1 cell line was kindly provided by Dr. Paul Liu (NHGRI/NIH) and maintained in RPMI-1640 (ATCC) supplemented with 20% FBS, 2 mM Lglutamine, 2.5 of a 10% (w/v) glucose solution, 1% penicillin-streptomycin, 1% sodium pyruvate, and 2.5% 1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). MOLM-13 cell line was purchased from the DSMZ and maintained in RPMI-1640 (ATCC) supplemented with 20% FBS, 2 mM L -Glutamine and 1% penicillin-streptomycin. Mouse leukemia cells were isolated from the spleens of sick animals and were cultured in RPMI-1640 (ATCC), supplemented with 20% FBS ESQualified (Life Technologies, Grand Island, NY, USA), 2 mM L-Glutamine, and 1% penicillin-streptomycin. Media for culturing mouse leukemia cells was supplemented with cytokines at the indicated concentration: IL-3 (10 ng/mL; Peprotech, Rocky Hill, NJ, USA), IL-6 (10 ng/mL; Peprotech), and SCF (20 ng/mL; Peprotech), IL-33 (100 ng/mL; Peprotech). HEK293T cells were maintained in Dulbecco's Modified Eagle medium (Corning, Manassas, VA, USA) supplemented with 10% FBS, 2 mM L-Glutamine and 1% penicillin-streptomycin. AMD3100 was from Biochempartner (Shanghai, China). BKT140 was from GL biotechnology Inc. (Shanghai, China). LY2510924 was Fig. 7 Proposed mechanism of action of PCX/siRNA nanoparticles for treatment of acute myeloid leukemia purchased from MCE (MedChem Express, HY-12488, Monmouth Junction, NJ, USA). Colony assays were performed using equal numbers of leukemia cells suspended in Methocult 3434 (StemCell Technologies, Vancouver, BC, Canada) according to the manufacturer's protocol. After 14 days in culture, plates were scored for colony number. All cells were cultured at 37°C in a humidified 5% CO 2 incubator. No cell line authentication was performed by the authors. Cells were routinely tested for mycoplasma (Mycoalert Plus, Lonza). All experiments involving cell lines were performed at least three independent times.
Lentiviral production and transduction
HEK293T cells were transfected with third generation lentiviral plasmids which contain DsRed. The viral supernatant was collected 48 h post transfection. For transduction, mouse leukemic spleen cells were incubated with viral supernatant, supplemented with cytokines as described above with the addition of 8 μg/mL polybrene. Cells were spinfected at 2000 rpm for 90 mins, followed by a 6-hour incubation and a second spinfection. Forty-eight hours after the start of transduction, cells were sorted using the DsRed signal.
Preparation and characterization of nanoparticles
The capability of PCX polymer to condense siRNA was analyzed by electrophoresis in a 2% agarose gel which contained 0.5 μg/mL ethidium bromide. The preparation of PCX/siRNA nanoparticles was performed by adding a predetermined volume of PCX solution to an siRNA solution (20 μM in 10 mM HEPES pH 7.4) to achieve the desired polycation-to-siRNA w/w ratio and vortexing for 10 s. Nanoparticles were further incubated at room temperature for 20 min. Nanoparticles were then loaded (20 μL of the sample containing 0.5 μg of siRNA) into gel wells and run for 20 min at 100 V in 0.5 × Tris/Borate/ethylenediaminetetraacetic acid buffer. The gels were visualized under ultraviolet illumination with a KODAK Gel Logic 100 imaging system. Hydrodynamic diameter and zeta potential of the nanoparticles were measured by dynamic light scattering using a ZEN3600 Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, Worcestershire, UK). The morphology of nanoparticles was observed under TEM (Tecnai G2 Spirit, FEI Company, Houston, TX, USA) using NanoVan® negative staining (Nanoprobes, Yaphank, NY, USA). The release of siRNA from nanoparticles was analyzed by heparin displacement assay. Nanoparticles (w/w = 2) were incubated with increasing concentrations of heparin solution for 30 min at room temperature. The samples were then analyzed by agarose gel electrophoresis.
Flow cytometry
Mouse leukemia cells isolated from spleen were stained with PE conjugated anti-CSF2RB (559920, BD Pharmingen, Oxford, UK), PE conjugated anti-CXCR4 (561734, BD Pharmingen), allophycocyanin (APC)-conjugated anti-KIT (553356, BD Biosciences, Oxford, UK), BV421 conjugated anti-Mac-1 (562605, BD Biosciences), and BV510 conjugated anti-Gr-1 (563040, BD Biosciences). Cell viability was determined by staining with DAPI. For the measurement of apoptosis, we used the APC-conjugated Annexin V (550475, BD Biosciences). To strip the cells of cell surface proteins, cells were incubated with acid stripping buffer (0.5% acetic acid, 4 M NaCl, pH 3.0) to remove any surface-bound and noninternalized antibody. Cells were analyzed using BD LSRII flow cytometer (BD Biosciences) equipped with FACSDiva software (Becton Dickinson, San Jose, CA, USA). Fluorescence-activated cell sorting data were analyzed by FlowJo software (Tree Star, Ashland, OR, USA).
RNA isolation and real-time RT-PCR
Total RNA was isolated from cells using Trizol reagent from Invitrogen (Carlsbad, CA, USA) according to the manufacturer's specifications. First strand cDNA synthesis was accomplished using EcoDry Premix (Clontech, Mountain View, CA). qRT-PCR was performed using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific). The real-time PCR was run in a StepOnePlus Real-Time PCR System (Invitrogen). The oligonucleotide primers used for PCR are shown in Supplemental Table S1 [36, 54] .
Western blotting
Mouse leukemia cells were lysed with RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton, 0.5% deoxycholate, and 0.1% sodium dodecyl sulphate), supplemented with a protease inhibitor (Roche, Penzberg, Germany). Samples were run on 4-12% Bis-Tris gel (Invitrogen), transferred to polyvinyl difluoride membrane (NOVEX, San Diego, CA, USA). The membrane was incubated with the primary antibody overnight, followed by 1-hour incubation with horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies at room temperature, washed and incubated with chemiluminescence reagent (Thermo Fisher Scientific) and then exposed to film. The following primary antibodies were used for western blotting: RUNX1 (39000, Active Motif, Carlsbad, CA, USA) and GAPDH (AM4300, Ambion, Austin, TX, USA).
Histological staining
Cells were affixed to Surgipath Apex Superior Adhesive Slides (Leica Microsystems, Weztlar, Germany) using a Shandon Cytospin III cytocentrifuge for 5 min at 1000 rpm. Slides were stained using Protocol Hema 3 Wright-Giemsa stain (Thermo Fisher Scientific) according to the manufacturer's protocol and were examined in a blinded manner using an Olympus BX51 microscope at × 100 magnification.
Statistical analysis
All statistical analysis was conducted using the Graph Pad 7.0 Prism software (GraphPad Software, La Jolla, CA, USA). Data are represented as mean values ± standard deviation. The significance of difference between two groups was determined by Student's t test or the MannWhitney U-test. F testing was performed to confirm equal variance. More than two groups were compared using a one-way analysis of variance or Kruskal-Wallis test, and Brown-Forsythe test was used to check equal variance. p < 0.05 was considered to be statistically significant.
